A high-power, diode-pumped, semiconductor saturable absorber mode-locked Yb(5%):KGW bulk laser was demonstrated with high optical-to-optical efficiency. Average output power as high as 8.8 W with optical-to-optical efficiency of 37.5% was obtained for Nm-polarized laser output with 162 fs pulse duration and 142 nJ pulse energy at a pulse repetition frequency of 62 MHz. For Np polarization, 143 fs pulses with pulse energy of 139 nJ and average output power of up to 8.6 W with optical-to-optical efficiency of 31% were generated. Yb 3 -doped double tungstate crystals like KYWO 4 2 (KYW) and KGdWO 4 2 (KGW) are attractive laser materials for high-power diode-pumped femtosecond lasers because of their excellent lasing properties, broad emission bandwidths, and compatibility with diode pumping [1, 2] . Femtosecond lasers based on these materials were demonstrated for bulk [3] [4] [5] [6] [7] [8] [9] and for thin-disk laser configurations [10] . Efficient high-power femtosecond laser action was demonstrated for semiconductor saturable absorber (SESAM) mode-locked Yb:KGW lasers [11, 12] . Average output power as high as 5.06 W and pulse duration of 410 fs were achieved with an optical-to-optical efficiency of 34.8% [11] . The 63 MHz oscillator was modelocked with the saturable Bragg reflector, providing 250 fs (347 fs) pulses at an output power of 3.5 W (5 W) [12] . High output powers with shorter pulse durations were demonstrated in femtosecond lasers where the mode locking was initiated by SESAMs and stabilized by the Kerr lens effect [13] [14] [15] . Average output powers of up to 10 W with 290-433 fs pulses (5.3 W with 134 fs pulses) [13] , 3 W with 67 fs pulses [14] , and 85 fs pulses with peak power as high as 1 MW and average power of 1.5 W [15] were demonstrated for bulk lasers based on Yb: KGW crystals. However, for Kerr lens mode locking (KLM), laser cavity parameters had to be precisely adjusted to obtain stable operation. Moreover, the laser in Ref. [13] was not self-starting at high output powers, while the optical-to-optical efficiencies in Refs. [14, 15] were only 5%-10%.
Yb
3 -doped double tungstate crystals like KYWO 4 2 (KYW) and KGdWO 4 2 (KGW) are attractive laser materials for high-power diode-pumped femtosecond lasers because of their excellent lasing properties, broad emission bandwidths, and compatibility with diode pumping [1, 2] . Femtosecond lasers based on these materials were demonstrated for bulk [3] [4] [5] [6] [7] [8] [9] and for thin-disk laser configurations [10] . Efficient high-power femtosecond laser action was demonstrated for semiconductor saturable absorber (SESAM) mode-locked Yb:KGW lasers [11, 12] . Average output power as high as 5.06 W and pulse duration of 410 fs were achieved with an optical-to-optical efficiency of 34.8% [11] . The 63 MHz oscillator was modelocked with the saturable Bragg reflector, providing 250 fs (347 fs) pulses at an output power of 3.5 W (5 W) [12] . High output powers with shorter pulse durations were demonstrated in femtosecond lasers where the mode locking was initiated by SESAMs and stabilized by the Kerr lens effect [13] [14] [15] . Average output powers of up to 10 W with 290-433 fs pulses (5.3 W with 134 fs pulses) [13] , 3 W with 67 fs pulses [14] , and 85 fs pulses with peak power as high as 1 MW and average power of 1.5 W [15] were demonstrated for bulk lasers based on Yb: KGW crystals. However, for Kerr lens mode locking (KLM), laser cavity parameters had to be precisely adjusted to obtain stable operation. Moreover, the laser in Ref. [13] was not self-starting at high output powers, while the optical-to-optical efficiencies in Refs. [14, 15] were only 5%-10%.
In this Letter, an experimental study of pure SESAM modelocked Yb:KGW bulk lasers, which demonstrate extremely stable operation with high output powers, short pulse duration, and high optical-to-optical efficiencies, is presented for different polarization states of light in the crystals. A pumping scheme with a specially designed pump mirror was used to avoid restrictions on the cavity's gain bandwidth introduced by a dichroic input mirror in traditional longitudinal pumping schemes. Power scaling was provided by output couplers with different transmittances (from 5% to 20%) to keep the same level of nonlinearities in the gain crystals and SESAM for different output powers. An InGaAs-based SESAM with enhanced modulation depth was developed for laser operation at high average output power.
For laser experiments, an X-folded cavity was formed by two concave mirrors (R1 and R2), a flat output coupler mirror (OC), and a flat high reflector (HR) that was substituted by the SESAM in case of mode-locked operation. The laser setup is presented in Fig. 1 .
The pump source was made of multiple single-emitter fiber coupled laser diodes (core dia. 105 μm, NA = 0.15) with maximum output power of about 28 W. In contrast to the fiber coupled bars, the pump radiation from a single-emitter LD was partially polarized with a measured polarization degree of about 10:1 and can be easily adjusted to get higher absorption in the gain crystal. The pump source was thermally stabilized and tuned to the maximum of the absorption band near 981 nm. The small signal absorption of the crystal was more than 85% of the incident pump power. Pump radiation was reimaged by the set of lenses into a spot with a diameter of about 200 μm (1∕e 2 ). A new "off-axes" pump layout was developed for longitudinal pumping of the active element. The pump light was delivered into the gain crystal through the plane mirror placed on the cavity axis. This "pump" mirror had a hole in the middle to transmit the laser radiation and was HR coated for pump radiation at the 900-1100 nm broadband wavelength range. This approach can be applied well to pump sources with a rather high M 2 value, i.e., with poor output beam spatial quality. In our case, the pump laser diode had M 2 of about 25. The pump mirror was deposited on a core dia. 30 mm × 3 mm glass substrate. The 2.5 mm hole diameter was triple the size of the TEM 00 cavity mode in the mirror position. The pump arrangement delivered more than 98% of the pump light into the crystal. In addition, this pump scheme provided the possibility of using broadband intracavity optics to avoid restrictions on gain bandwidth of the cavity introduced by dichroic input mirrors (R1 and/or R2) and to achieve excellent pump and laser mode matching conditions. The 1.5-mm-thick antireflection coated Yb(5 at.%):KGW crystal used in the experiments was cut along the Ng axis to reduce the thermo-optical aberrations [16] and to provide operation with linearly polarized laser radiation parallel to either Nm or Np optical indicatrix axes of the crystal. The laser crystal was positioned nearly symmetrically in the cavity. The slab had dimensions of 1.5 mm × 1.2 mm × 5 mm for Ng, Np, and Nm, respectively. Both 1.5 mm × 5 mm faces were maintained at 20°C using copper plates (with indium foil to improve thermal contact) and thermoelectrical cooling elements, while the 1.2 mm × 5 mm faces were antireflection coated for pump and laser radiation. The crystal thickness and doping level were chosen to keep the nonlinearity introduced by self-phase modulation (SPM) in the crystal at an appropriate level to achieve short pulse duration [17] and efficient pump absorption. The nonlinear phase change caused by the SPM was estimated to be in the range of about 400-700 mrad per cavity round trip based on the n2 data [18, 19] . The crystal was pumped with a maximum incident pump power of up to 27.4 W and was placed between two highly reflective concave mirrors R1 and R2 (with radii of curvature of 500 and 300 mm, respectively), resulting in a cavity mode size of 200 μm inside the crystal. In the long arm of the cavity, two Gires-Tournois interferometer mirrors were inserted to provide a negative round-trip dispersion of 3600 fs 2 to balance the positive dispersion of about 540 fs 2 introduced by the crystal and the additional chirp due to self-phase modulation. The laser output in the mode-locking mode of operation was Nm polarized without polarization selection. A thin-film polarizer was introduced into the cavity to get Np polarization. The cavity was designed to operate in the middle of the stability zone to investigate the mode-locking operation provided only by the SESAM nonlinearity without any additional stabilization by the Kerr lens effect in the laser crystal.
The power scalability in the mode-locked lasers was provided by changing the output coupler transmittance to keep the same intracavity pulse energy and therefore the same level of nonlinearities in the gain crystals and in the SESAM for different values of laser output power. The set of output couplers with transmittances of 5%, 10%, and 20% was utilized. The CW output power was as high as 10 W (E∥Np) and 12 W (E∥Nm) with OC transmission of 5%-20%.
Two InGaAs-based SESAMs with different modulation depths of about 1.5% and 4.0% were used in the experiments. The SESAM based on quantum wells separated by nanostructured barriers was grown by molecular beam epitaxy over a semi-insulating GaAs substrate of (001) orientation. The crystallinity of each layer was controlled via reflection of the highenergy electrons' diffraction. The number of quantum wells, their thickness, and the concentration of the ternary alloy were chosen to match the requirement of the saturable absorption modulation depth. The barriers' separation into thinner layers via the insertion of narrow bandgap material shortened recovery time. The design of the SESAMs was described in [4] . The measured reflectivity curves of the SESAMs are presented in Fig. 2 . Both SESAMs can support mode locking in the spectral range from 1000 to about 1050 nm. The result of the pumpprobe testing of the SESAM with modulation depth of 4% is shown in Fig. 3 . A pump-probe technique with ultrafast temporal resolution used in relaxation measurements was described in detail in [20, 21] . The SESAM with a modulation depth of 1.5% had a close, fast recovery time, but a slow component had a relaxation time of 15.8 ps [4] . The saturation energy fluence was measured to be about 70-120 μJ∕cm 2 for both saturable absorbers.
For the SESAM with a modulation depth of 1.5%, stable mode-locked operation of a Yb(5%):KGW laser was obtained only for OCs with 5% and 10% transmittance, and laser Fig. 2 . SESAMs' reflectivity spectra with modulation depths of (solid curve) 4% and (dashed curve) 1.5%. Fig. 3 . "Fast" (0.3 ps) and "slow" (3.2 ps) recovery times of the SESAM with 4% modulation depth.
parameters were close to those obtained in Ref. [4] . Yb(5%): KGW laser with 20% OC and 1.5% SESAM operated only in the CW mode. The detailed results demonstrated by a modelocked Yb(5%):KGW laser with 4% SESAM are listed in Table 1 . The pulse repetition frequency was around 62 MHz.
The maximum output power was obtained with a 20% OC and reached up to 8.6 and 8.8 W for light polarized parallel to the Np and Nm optical indicatrix axes of the gain crystal, respectively. Maximum output power for Nm polarization was demonstrated at a pump power level of 23.5 W, while for Np polarization, pump power was near 27.5 W, thus indicating that the laser is more efficient for Nm polarization in a modelocked regime. For all OCs, approximately the same value of the intracavity pulse energy of about 0.71 0.04 μJ was estimated for stable mode-locked operation. For higher intracavity pulse energy, the laser demonstrated CW or double pulse instabilities.
For Np polarization, the central wavelength, pulse duration, and spectral bandwidth (SBW) for all OCs had constant values of about 1038 nm, 143 fs, and 8 nm, respectively. The maximum output pulse energy of 139 nJ resulted in a corresponding peak power of about 0.97 MW. In contrast, for Nm-polarized light, the pulse characteristics depended on the OC's transmittance. The minimum pulse duration of 126 fs with 9 nm SBW at FWHM was demonstrated for 5% OC with an average output power of 2.35 W. With increasing OC transmittance, the central wavelength for Nm polarization shifted toward shorter wavelengths. With 20% OC, 162 fs pulses with 7 nm SBW were demonstrated with 8.8 W average output power at 1026 nm. The maximum pulse energy reached up to 142 nJ with corresponding peak power of 0.88 MW. The optical-tooptical efficiency of the mode-locked laser operation at maximum output power of 8.8 W (Nm polarization) was as high as 37.5%. The pulse spectrum and autocorrelation trace are presented in Fig. 4 for maximal output power of 8.8 W. This behavior of the lasers' spectral parameters can be attributed to the gain features of the Yb:KGW crystal [1] . Figure 5 demonstrates the gain spectra [22] for Nm and Np polarizations that correspond to different OCs
where β N ex ∕N tot is the ratio of the density of excited Yb ions to the total Yb ions' density; σ SE is the stimulated emission cross section; and σ ABS is the absorption cross section. One can see that the gain spectra have a maximum at 1038 nm with close SBW for all OCs with Np polarized output. In contrast, a spectral shift to a shorter wavelength together with a narrowing of the smooth part of the spectra with increasing OC transmittance is observed for Nm-polarized output. During the mode-locked operation of the Yb(5%):KGW laser, the cavity mode radii on the SESAM were in the range of 170-220 μm (1∕e 2 ). Heating of the SESAM was not observed, which confirmed a low level of nonsaturable losses. The mode-locked operation can be easily obtained without any additional adjustment of the cavity length. Moreover, the maximum output power and optical-to-optical efficiency in the CW and ML (mode-locked) lasers were demonstrated for the same cavity parameters for both Nm and Np polarizations. The laser beam was circular and close to Gaussian up to maximum output power with an M 2 factor lower than 1.2 in both directions. Any saturation of output power due to thermooptical distortion of the cavity or other detrimental effects was not observed.
During autocorrelator scanning, a time range of 250 ps occurred after the laser pulse, and no other pulses were observed. To ensure single-pulse mode-locking operation, the longer time ranges were controlled by a fast photodiode and oscilloscope with a combined resolution of 0.3 ns. The output pulses have a time bandwidth product of about 0.32, which is close to the transform limit for soliton pulses (ΔνΔτ 0.315).
The results indicate that further power scaling and pulse shortening with high efficiency can be obtained in the SESAM mode-locked Yb:KGW (Yb:KYW) bulk lasers by carefully designing the laser and taking into account the following challenges. First, SESAM should combine fast recovery time, high modulation depth, and low nonsaturable losses. The experimentally estimated value of its modulation depth for an efficient ML operation should be at least 20% of the OC's transmittance value. For example, for a laser with 30% OC Second, Nm-polarized laser output, which looks more promising for efficient high-power operation, needs to be shifted toward longer wavelengths to reduce gain narrowing. It can be reached by increasing the Yb doping level and thus increasing the reabsorption losses in the gain crystal. Third, keep the nonlinearity introduced by self-phase modulation [17] in the crystal at a reasonable value by managing the OC transmittance and crystal thickness for a certain value of the cavity mode's size in the gain medium.
In comparison with broadband Yb:CALGO crystals that provide sub-100-fs pulses with high average output power up to 12.5 W in the bulk laser configuration [23] , the Yb: KGW crystal demonstrates longer output pulses but almost two times higher optical-to-optical efficiency.
In conclusion, an efficient SESAM mode-locked Yb(5%): KGW bulk laser was demonstrated with high output power. The spectral-limited 162 fs pulses were obtained for Nm polarization with average output power as high as 8.8 W and 62 MHz pulse repetition frequency, resulting in pulse energy of 142 nJ and pulse peak power of 0.88 MW. Pulses of 143 fs with average output power of up to 8.6 W were generated for Np polarization of the laser output. In this case, pulse energy was as high as 139 nJ with a peak power of about 0.97 MW. An optical-to-optical efficiency of 37.5% for Nm-polarized output in a mode-locked regime is demonstrated, which, to the best of our knowledge, is the highest efficiency reported so far for high-power femtosecond bulk Yb lasers.
Further power scaling of the SESAM mode-locked Yb:KGW (Yb:KYW) lasers looks promising by using the described approach.
